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OPAB datasetA grid of previously unpublished, vintage 2D marine seismic lines has been processed and interpreted to the
east of Hanö Bay, SW Baltic Sea. The 3200 km2 study area lies on the transition between the Hanö Bay Basin
to the West and Baltic Synelcise to the East, NE of the Tornquist intra shield tectonic zone.
Data from the NA79, NA80 and RW84 surveys were selected for this study from the extensive Oljeprospektering
AB (OPAB) Baltic Sea dataset. New processing workﬂows have been developed for the data which focus on
suppressing two signiﬁcant forms of noise, namely multiple and side scattered noise. Deconvolution in the
tau-p domain, parabolic radon demultiple and post stack deconvolution are shown to be effective at attenuating
multiple noise, while FK ﬁltering in shot and receiver gathers is effective at removing side scattered noise.
The newly processed data were interpreted and a series of maps detailing the structure of the basement,
Cambrian and Silurian/Paleozoic horizons were constructed. These maps differ signiﬁcantly to previously
published interpretations of the area. Within the study area, a region of signiﬁcant Late Carboniferous/
Early Permian transtensional faulting and Late Cretaceous inversion is mapped in detail. This structure
would have exhibited normal offsets of up to 600 m before inversion with later inverted displacements of
up to approximately 200 m in places. This feature appears to extend some 20 km to the SW of the study
area to the major fault bounding the Christiansø High. Based on the seismic interpretation, the area appears
to have had a similar overall geological history as the adjacent Tornquist Zone to the SW.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The Baltic Sea Basin is an intra-cratonic basin located in northern
Europe on the Baltic Shield. It is centred in the Southern Baltic Sea and
extends over parts of Sweden, Poland, Latvia, Lithuania and Estonia.
The basin is ﬁlled with deposits ranging from the Lower Cambrian to
the Cenozoic. These strata were deposited on a peneplained basement
composed of Precambrian crystalline rocks and meta-sediments. The
basin evolved during Early Palaeozoic times as a shallow syncline
depression, i.e. “the Baltic Syneclise”. The depression was successively
invaded by the sea and was subsequently ﬁlled with deposits, starting
with coarse Cambrian clastics followed by progressively ﬁner and
ﬁner sediments and carbonates during the Ordovician and Silurian.
During the Late Palaeozoic the Baltic Sea area became a marginal part
to the Central European Basin, which resulted in a discontinuous depo-
sition of Late Palaeozoic toMesozoic strata, predominantly in the Polish+46 18 501 110.
er),
.V. Open access under CC BY-NC-NDand Lithuanian parts of the Southern Baltic Sea, the total thickness of the
Phanerozoic sequence reaches up to 4 km in the southernmost parts of
the basin, e.g. in the Polish sector (Šliaupa and Hoth, 2011). To the west
of the Baltic Syneclise, beneath the SWBaltic Sea lies theHanö Bay Basin
which unlike the Baltic Syneclise is predominantly ﬁlled with Creta-
ceous sediments (Kumpas, 1980). Bordering the Baltic Syneclise and
Hanö Bay basins to the SW lies the intra-shield tectonic zone, the
Tornquist Zone, which to the south of Hanö Bay is characterised by a
complex series of signiﬁcant faults and strike-slip pull apart basins
which have subsequently undergone inversion.
The Baltic Sea Basin is a valuable resource for its bordering coun-
tries as it hosts deep porous and permeable reservoirs, which contain
trapped hydrocarbons (Sivhed et al., 2004). The Cambrian sandstone
reservoirs have been proven to be useful as geothermal aquifers and
potentially also for geological storage of CO2 (Erlström et al., 2011;
Shogenova et al., 2009; Šliaupa and Hoth, 2011).
The present knowledge of subsurface geology in the area comes
from unpublished well reports, wire-line logging and seismic investi-
gations. Seismic surveys probing the crust to Moho depths include
investigations presented by the EUGENO-S Working Group (1988),
BABEL Working Group (1990) and DEKORP-BASIN Research Group
(1999). Results and proﬁles from shallow surveys, down to c.
100–400 m depths, have been published by Tuuling and Flodèn
(2009) and Flodèn (1980). Given that the focus of scientiﬁc studies license.
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hundred metres, published maps of key subsurface horizons below
approximately 300 m, required for the assessment of potential CO2
storage, geothermal aquifers and hydrocarbon reservoirs in the Baltic
Sea, are sparely constrained and uncertain, especially at greater depth.
During the 1970s and 80s Oljeprospektering AB (OPAB currently
Svenska Petroleum) acquired large quantities of seismic data in order
to better characterise the hydrocarbon potential in the Baltic Sea Basin
in the Swedish sector. These data consist of over 33,000 kmof 2Dmarine
proﬁles from numerous surveys with varying acquisition parameters.
Few of these proﬁles have been re-processed or re-interpreted since
the original acquisition. However, in recent years this sizeable 2D seismic
data set has become available for scientiﬁc use through the Geological
Survey of Sweden (SGU). The relatively dense 2D coverage of this dataset
provides the opportunity to map geological structures and horizons in
more detail than previously possible using previously released data. Sig-
niﬁcant advances in computer hardware and seismic data processing
technology have beenmade since the late 80s, highlighting the opportu-
nity to improve the ﬁnal stacked images for much of the dataset.
This paper aims to show how this dataset has been utilised to
produce a new seismic interpretation of a grid of 2D lines from an
area which lies between the Hanö Bay Basin and Baltic Syneclise,
north of the Tornquist Zone. Up until now no detailed maps of the
deeper basin structures have been published which describe this
area. In this study, seismic travel timemaps of key geological horizons
and faults are produced which provide a better understanding of the
structural elements and geological history of the area as well as its
connection to the Tornquist Zone.
This paper also aims to review themajor issues associatedwith the
seismic processing of this dataset, namely the attenuation of multiple
and side scattering noise and the limitations of the relatively large re-
ceiver spacing inherent inmany of the surveys included in the dataset.
Seismic processing steps which have proven to be effective as well as
the overall processing workﬂows are discussed and presented. A
reasonable improvement in the quality of the ﬁnal stacked sections
is achieved when compared to the original processing.
This work forms the basis for potential processing and interpreta-
tion of the entire OPAB Baltic Sea dataset, which could enable the con-
struction and publication of detailed basin wide maps describing key
geological horizons across the Swedish sector.
2. Geological setting and the Yoldia well
2.1. Background geology
The Baltic Sea Basin can be considered to be made up of a number
of structural elements, those of which are discussed in this section are
shown in Fig. 1. The Baltic Sea Basin contains sediments ranging from
Cambrian to Cenozoic; however across much of the Swedish sector
the sequence primarily consists of Cambrian to Devonian strata
(Erlström et al., 2011). A notable exception to this is the inner Hanö
Bay area which borders the study area and is primarily ﬁlled with
Mesozoic sediments (Kumpas, 1980). The crystalline basement
which underlies the Swedish sector consists of igneous and metamor-
phic rocks formed during the Svecofennian orogeny (1.95–1.75 Ga)
(Tuuling et al., 2011). As a result of the relatively stable tectonics
and continued erosion which followed, these basement rocks were
peneplained (Cocks and Torsvik, 2005). During the Early Cambrian,
gradual subsidence associated with the opening of the Tornquist Sea
led to marine transgression and the onset of sedimentary deposition
across the Baltic Sea area (Poprawa et al., 1999). The Cambrian
sequence overlying the crystalline basement is characterised by
shallow marine sandstones, siltstones and shales (Nielsen and
Schovsbo, 2011). Gradually rising sea level led to relatively stable ma-
rine conditions during the Ordovician and widespread deposition
across the basin (Tuuling and Flodèn, 2009). The Ordovician sequenceis typically characterised by marls, limestones, clays and argilites
(Ūsaitytė, 2000). The development of the Baltic Syneclise foreland
basin associated with the collision between Laurentia and Baltica led
to the generation of signiﬁcant accommodation space in the Baltic Sea
Basin during the Silurian and Devonian (Šliaupa and Hoth, 2011). As a
result, a thick Silurian sequence of marine calcareous clay, marl and
limestonewas deposited on top of the Ordovician during this transgres-
sion. The thick sequence of Devonian sediments deposited during this
period are characterised by shallow marine, lagoonal and deltaic sedi-
ments, indicating a gradual fall in relative sea level (Ūsaitytė, 2000).
During the Late Carboniferous–Early Permian large-scale tension
dominated dextral strike-slip faulting occurred within the Tornquist
Zone, which resulted in signiﬁcant extensional faulting and the
generation of a series of pull-apart basins such as the Rønne Graben
and Risebæk Graben, SW of Bornholm (Vejbaek et al., 1994). The
dominant fault trend within the Tornquist Zone runs NW–SE, with a
secondary trend running NE–SW formed predominantly by some of
the larger faults which bound the pull-apart basin (Fig. 1) (Erlström
et al., 1997). Subsidence associated with this tectonic activity was
an important inﬂuence on sedimentation adjacent to, and within
the Tornquist Zone throughout the Late Carboniferous–Early
Cretaceous (Vejbaek et al., 1994). Across much of the Baltic Sea
Basin, Carboniferous and Permian sections are generally absent due
to a decrease in sediment supply, basinal uplift and subsequent wide-
spread erosion during these periods (Šliaupa and Hoth, 2011; Tuuling
et al., 2011). Erosion during the late Permian was very signiﬁcant in
the Hanö Bay area, leading to the removal of much of the Paleozoic
sequence and the development of a sub-Mesozoic Peneplain in this
area (Kumpas, 1980). The transition from the Hanö Bay Basin to Baltic
Syneclise can therefore be deﬁned as the main erosional limit of the
Paleozoic strata of the Baltic Syneclise (Vejbaek et al., 1994). Carbonif-
erous and Permian sediments were, however, preserved in the
relatively deep pull-apart basins associated with the Tornquist Zone
(Erlström et al., 1997). In the Hanö Bay area, a Mesozoic sequence
was deposited between the Late Triassic and Late Cretaceous
(Kumpas, 1980; Wannäs, 1980). Blundell (1992) attributes subsidence
of the Hanö Basin area to strike-slip motion and lower crustal thinning
associated with the adjacent Tornquist Zone during this period.
Deposition throughout the Triassic and Cretaceous also continued in
the Tornquist Zone, where several phases of block faulting and tilting
gave rise to uneven distributions of sediments (Erlström et al., 1997).
The Tornquist Zone and some of the adjacent structures were
subject to signiﬁcant transpressional fault movements during the
Late Cretaceous and Early Tertiary which led to large scale inversion
along pre-existing faults (Vejbaek et al., 1994). The effects of this
inversion are strongest within the Tornquist Zone and decrease in
magnitude signiﬁcantly to the NE into the more stable Hanö Bay
Basin and Baltic Syneclise (Erlström et al., 1997; Vejbaek et al.,
1994). The Late Cretaceous compressional strike slip tectonics are
attributed to the Laramide inversion phase associated with the
Alpine orogeny (Ziegler, 1990). Deposition within the Tertiary is
characterised by carbonates and ﬁne grain clastics, which within the
study area have been largely removed by subsequent Neogene uplift
and erosion (Erlström et al., 1997). With the exception of a thin
layer of Quaternary deposits, no further deposition occurred over
much of the Swedish sector since the Neogene.
Wannäs and Flodèn (1994) identiﬁed the presence of signiﬁcant
post-Paleozoic tectonic activity close to the location of the Yoldia
well based on single channel seismic data and limited multi channel
2D marine data. Using this data two structural elements were deﬁned
which lie within the area investigated in this paper. The ﬁrst of these
was the Yoldia structural element proposed to have formed in the
Late Carboniferous–Early Permian and later subjected to uplift associ-
ated with Late Cretaceous inversion. The second was the Yoldia fault
zone which was tentatively proposed as a major sinistral strike-slip
fault zone running NE–SW between the approximate location of the
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Fig. 1.Map showing the major faults and structural elements in the Bornholm area and Scania after Vejbaek et al. (1994) and Marine bedrock geology for the study area modiﬁed
from Europe BGR 5M, with the permission of OneGeology, 2012. The area of the map shown in Fig. 12 is highlighted in white dotted lines, while the area of the maps shown in
Figs. 10 and 11 is highlighted in black dotted lines. The location of the seismic lines from the 3 different surveys is shown and the location of seismic lines shown in Figs. 6, 7, 8
and 9 is highlighted in red. The structural elements and fault locations within the area of new interpretation have been updated as part of this study. The small inset map in the
bottom left corner shows the location of all lines in the greater OPAB dataset in blue as well as key structural elements and the location of the Tornquist Zone (Erlström et al., 1997).
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(Fig. 1). Wannäs and Flodèn (1994) also described a number of
inﬁlled glacial trenches which had formed in association with the
underlying fault system.
Cambrian and Devonian sandstones along with Ordovician car-
bonate mounds are known to act as hydrocarbon reservoirs within
parts of the Baltic Sea Basin (Erlström et al., 2011; Sivhed et al.,
2004; Šliaupa and Hoth, 2011). Cambrian and Devonian sandstones
have also been identiﬁed by Shogenova et al. (2009) and Erlström
et al. (2011) as potential reservoirs for the geological storage of CO2
within the Baltic Sea Basin. Shallow marine sand intervals of note
within the Cambrian sequence are the När and Faludden members.
With favourable reservoir properties and good lateral continuity
these members mark lowstand periods during the Cambriantransgression (Erlström et al., 2011; Nielsen and Schovsbo, 2007). Im-
proved basin wide maps of the top Cambrian structure and its thick-
ness would allow a more accurate assessment of these potential
reservoirs.
2.2. Well data and seismic well-tie
In this study we make use of well log data from the Yoldia well,
which lies within the newly interpreted area (Fig. 1). Available data
from the Yolidawell were in paper format and consisted of vertical seis-
mic proﬁle (VSP) data, P-wave sonic, density and resistivity logs and an
unpublished completion report for the well (OPAB unpublished report,
1988). The well was drilled to a total depth (TD) of 977 m MD (952 m
total vertical depth sub sea level (TVDSS) assuming a vertical wellbore)
4 D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15and was spudded on 5/11/1987. The well is interpreted to terminate
within the Cambrian sequence before intersecting the basement
(Nielsen and Schovsbo, 2011). The stratigraphic and lithostratigraphic
interpretation of the well is summarised in Fig. 2 (OPAB unpublished
report, 1988). In summary, a thin layer of Quaternary and potentially
Cretaceous sediments are encountered in the near surface, which are
underlain by a thick Silurian sequence consisting predominantly of
shales and calcareous shales. The underlying Ordovician consists
primarily of shales and limestones, where the upper shale sequence
contains volcanic tuffs. The Top of the Cambrian ismarked by the organ-
ic rich alum shale, which gives a high gamma ray response. The under-
lying Middle Cambrian is characterised by shales, quartzites and
sandstones. In this well the Middle Cambrian Faludden sandstone
member is interpreted to be thin and poorly developed, represented
by a more distal shale rich facies. The well is interpreted to end within
the Lower Cambrian, encountering the När Sandstone and Viklau sand-
stone members, which are characterised as quartzitic sandstones.
The seismic velocities for the Quaternary and Upper Silurian/
Cretaceous interval were not recorded in the sonic log. In order to re-
construct the velocities for this interval an analysis of refractions was
performed on nearby shot gathers from the 2D marine data. Based on0
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Data modiﬁed from OPAB unpublished report (1988).this, a sharp increase in the seismic velocity at the Seabed and the
Silurian/Cretaceous top is anticipated. Below this the log data show
a gradual increase in seismic velocity throughout the Silurian from
approximately 3500 m/s to 4000 m/s at the Top Ordovician. The
velocity within the Ordovician is generally lower than the overlying
Silurian with an average velocity of approximately 3500 m/s. A thin
high velocity limestone interval is present within the Ordovician
with recorded velocities reaching approximately 5000 m/s. Within
the Upper and Middle Cambrian the velocity is somewhat constant
at approximately 4000 m/s before a sharp increase at the top of the
Lower Cambrian När Sandstone, where velocities of up to approxi-
mately 5000 m/s are recorded.
The logs and VSP information were used to generate a zero offset
synthetic trace using a Ricker wavelet with a peak frequency of
30 Hz, which is representative of the seismic data for the depth of in-
terest. It can be seen overlain on the NA79-150 seismic line in Fig. 2. In
order to tie the seismic andwell data a bulk shift of 42 mswas applied
to the seismic data. Prominent seismic events can therefore be identi-
ﬁed in the synthetic and seismic data. A strong positive seismic event
is anticipated at the seabedwhich is poorly imaged in the NA79 survey
as the nearest offset recorded is 214 m (Section 4.1). A strong positiveI
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the seismic data. In the subsequent interpretation this event has been
interpreted to be due to the Top Silurian, as the presence of the Creta-
ceous is uncertain, and if present ismost likely thin and cannot be fully
resolved by the data. A strong seismic event is associatedwith the high
velocity limestone interval within the Ordovician, where strong
events from the top and bottom of the interval are tuned. Assuming
that the Ordovician section is approximately constant in thickness
across the study area, the Top Ordovician can be interpreted to lie on
the negative side lobe of the positive top limestone event, while the
Top Cambrian falls on the tuned negative event from the base of the
limestone interval. The Top När Sandstone gives a positive seismic
event on the synthetic which can be correlated and interpreted on
the seismic data. Although not encountered by the well, the basement
has been interpreted to lie on a relatively strong and continuous pos-
itive event approximately 70 ms below the well TD. This corresponds
well with the depth given by Nielsen and Schovsbo (2011) who pro-
posed that approximately 200 m of the Cambrian sequence remained
undrilled in this well. Fig. 2 shows the log data, synthetic-seismic tie,
stratigraphy and key lithostratigraphic members for the Yoldia well.
3. Previous seismic reﬂection work in the Swedish Baltic Sea
Since the 1960s the Baltic Sea Basin has been the target of numer-
ous seismic experiments and surveys to investigate its geology and
resources. This review focuses on seismic surveys conducted in Swed-
ish waters; previous seismic reﬂection acquisition in the territories of
the Baltic States and Russia is summarised by Ūsaitytė (2000). Aside
from the OPAB data set, described in the next section, both shallow
high resolution and deep seismic data have been acquired over the
Baltic Sea Basin. These data are brieﬂy summarised here before
presenting the OPAB seismic exploration data.
Large scale seismic data acquisition conducted by the Geology De-
partment of the University of Stockholm began in the Swedish Baltic
Sea area during the 1960s. Between 1963 and 1978 more than
38,000 km of continuous shallow high resolution seismic reﬂection
proﬁling was performed across the Baltic Sea and Gulf of Bothnia.
The proﬁling was performed using an analogue single channel receiv-
er and airgun source (Flodèn, 1980). Data acquired during this period
was used to perform seismic stratigraphy, seabed outcrop mapping,
geological interpretation and correlation with well data across the
greater Baltic Sea area (Axberg, 1980; Flodèn, 1980). Kumpas
(1980) used this single channel seismic data and a limited number
of multi-channel 2D seismic lines to map and characterise the geology
of the Hanö Bay area. Further continuous seismic reﬂection proﬁling
was performed as part of the Swedish–Estonian Cooperation project
between 1990 and 2004 in the northern Baltic proper. The project
aimed to establish a trans-Baltic seismic correlation between the
islands of Gotland and Saaremaa (Tuuling and Flodèn, 2009). This
allowed a seismic correlation scheme to be established for the
Cambrian, Ordovician and Silurian sections as well as seabed outcrop
maps (Tuuling and Flodèn, 2009, 2011; Tuuling et al., 1997). Wannäs
and Flodèn (1994) performed an investigation into the post-Paleozoic
tectonic development of the Hanö Bay Basin and outer Hanö Bay area
using all available single channel seismic data collected between 1975
and 1982, as well as several multi-channel 2D marine seismic lines.
Based on this work they identiﬁed the Yoldia structural element and
the Yoldia fault zone, which lie within the area of investigation for this
study. A number of studies have been performed using multi-channel
2D seismic reﬂection data to characterise the tectonic and sedimentary
history of the Bornholm area, which lies within the Tornquist Zone, SW
of the Yoldia well (Vejbaek, 1984, 1985; Vejbaek et al., 1994).
The deep structure below the Baltic Sea has been investigated in a
number of seismic studies. Wide-angle seismic reﬂection and refrac-
tion proﬁles were acquired within the framework of the EUGENO-S
project over southern Sweden, Denmark and the Baltic Sea in 1984to investigate the transition across the Caledonian deformation front
(EUGENO-S Working Group, 1988). In 1992, 2268 km of deep crustal
seismic reﬂection data were acquired within the Baltic Sea and Gulf of
Bothnia as part of the BABEL project, providing images of the deep crust-
al structure of the region (BABEL Working Group, 1990). In 1996, deep
seismic refraction and reﬂection data were acquired over the southern
Baltic Sea as part of the DEKORP-BASIN '96 project to investigate the
North East German Basin (DEKORP-BASIN Research Group, 1999).
At present, most of the published structural depth and isochore
maps for the Baltic Sea sedimentary sequence are primarily based
on the continuous seismic proﬁling data, sparse deep seismic proﬁles
and well data. A signiﬁcant drawback of these continuous proﬁling
data is that the interpretation is often restricted to the area between
the seabed and the ﬁrst seabed multiple. In most cases, only the
upper 50–300 ms can be interpreted (Flodèn, 1980). Published
maps for the deeper parts of the Swedish sector of the Baltic Sea
Basin are, therefore, primarily based on well data.
4. OPAB dataset
During the period from 1970 to 1984, OPAB acquired over
33,000 km of 2D marine exploration seismic reﬂection data in the
Swedish Baltic Sea, including the Hanö Bay, Gulf of Bothnia, Skagerrak
strait and Kattegat areas (Fig. 1). The dataset, incorporating data from
over 25 different surveys, consists of single towed streamer data with
a variety of acquisition parameters (OPAB unpublished report). This
dataset was released to the Geological Survey of Sweden (SGU) in
the 1990s for use in government and academic studies. In 2011, sig-
niﬁcant portions of this dataset were transferred to modern digital
media and made available for re-processing. Since its initial use, no
attempts have been made to re-process or re-interpret these data.
Given the extensive geographical coverage of this dataset, there
exists a great potential in it to provide additional constraints on pub-
lished maps of the Baltic Sea sedimentary sequences and to improve
the geological understanding of the basin. This study uses this data
to produce a new interpretation of an area which is currently poorly
constrained by published maps while also investigating the potential
improvement that can be achieved in the ﬁnal stacked images using
current computer hardware and processing techniques.
4.1. Selection of lines
In order to map and investigate the study area, which lies on the
transition between the Baltic Syneclise and Hanö Bay Basin, a grid of
41 2D lines was selected from 3 different surveys from the OPAB
dataset (Fig. 1). The surveys selected (NA79, NA80 and RW84) were
acquired between 1979 and 1984. Acquisition parameters for the 3
surveys are shown in Table 1. Raw seismic shot gathers from the 3 dif-
ferent surveys are shown in Fig. 3. The acquisition parameters for
these different surveys vary markedly. One of the largest differences
between the surveys is the range of offsets, where the NA79 and
NA80 surveys have relatively large near offsets of 214 m and 170 m,
respectively, compared with a near offset of 65 m for the RW84 sur-
vey. The number of channels varies signiﬁcantly between the surveys,
where the surveys NA79, NA80 and RW84 have 24, 36 and 96 chan-
nels, respectively. This in turn gives rise to large differences in receiv-
er spacing. In a broad sense, these 3 surveys capture the variation in
acquisition parameters present within the greater OPAB dataset.
As a ﬁrst step in developing an improved processing workﬂow a
single line was selected to form the primary dataset for testing pro-
cessing steps and parameters, and for highlighting key data/noise is-
sues within the greater dataset. The RW84-16 proﬁle was chosen
due the readily available information on data acquisition and original
processing parameters. A further advantage of this line is that
through trace decimation it could be made to be more similar to the
other two selected surveys. The location of the RW84-16 line can be
Table 1
Acquisition parameters for the 3 surveys used in this study.
Survey name RW84 NA80 NA79
General Recorded by Racal Geophysics Ltd Geco International Ltd Geco International Ltd
Party/vessel M.V. Lady Harrison M/V Emerald M.V. Geco Alpha
Positioning system Syledis Syledis Syledis
Date June–July 1984 December 1980 May 1979
Seismic source Type Watergun Airgun Airgun
No. guns 4 7 10
Capacity 320 cu. in. 981 cu. in. 1118 cu. in.
Shot interval 12.5 m 12.5 25 m
Source tow depth 3–5 m 8.5 m 6.5 m
Receivers Number of stations 96 36 24
Station interval 6.25 m Dual Intervals:
Stn 1–13 = 12.5 m
Stn 13–36 = 25 m
50 m
Array type Linear Linear Linear
Type Teledyne Teledyne Prakla HSSN
Cable tow depth 4–6 m 10 m 11 m
Nearest offset 65 m 170 m 214 m
furthest offset 658.75 m 895 m 1364 m
Record length 2 s 2 s 3 s
Recording system Sample rate Dual sampling:
Stn 1–24 = 1 ms
Stn 25–96 = 2 ms
2 ms 2 ms
Low cut ﬁlter 8 Hz slope of 18 dB/Oct 8 Hz slope of 18 dB/Oct
High cut ﬁlter 1 ms sampling: 256 Hz slope of 72 dB/Oct
2 ms sampling: 180 Hz slope of 72 dB/Oct
128 Hz slope of 72 dB/Oct
6 D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15seen in Fig. 1. Results from the testing on the RW84-16 line were used
to guide further testing on data from the remaining 2 surveys and aid
in designing the ﬁnal processing workﬂows for the different surveys.
5. Data processing and testing
5.1. Original processing
Before proceeding with testing of processing parameters, a review
of the original processing sequences applied between 1970 and 1984
to the different surveys in the OPAB dataset was conducted. This
allowed some of the typical processing steps from the original
workﬂows to be identiﬁed as well as some key data/noise issues0.0
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Fig. 3. Raw shot gathers for the 3 different surveys. A, B and C denote shots from NA80, Nassociated with the dataset. A range of workﬂows were used to per-
form the original processing of the surveys within the OPAB dataset
(OPAB unpublished report). These workﬂows typically included a
limited number of steps, such as amplitude compensation by spheri-
cal divergence, velocity analysis, normal move-out (NMO) correc-
tions, Common mid-point (CMP) stacking and band pass frequency
ﬁltering. In all work ﬂows, deconvolution was applied to both pre-
and post-stack data. In some of the more recent surveys FK dip ﬁlter-
ing and migration were also applied to the data.
The original processing workﬂowwas then repeated using current
software for the RW84-16 proﬁle in order to establish a benchmark
against which to test different processing workﬂows. The stacked
image was visually calibrated against a paper copy of the ﬁnal stacked15 20
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Table 2
New processing workﬂows applied to surveys NA79, NA80 and RW84 as well as the
original processing workﬂow for the RW84 survey.
RW84 — original workﬂow
1 Apply geometry
2 Source signature deconvolution
3 Resample
4 FK dip ﬁlter
5 Deconvolution (time domain)
6 NMO correction
7 Top mute
8 AGC
9 Stack
10 Post stack deconvolution
11 Bandpass ﬁlter
12 FK dip ﬁlter
13 Static bulk shift
14 AGC
RW84 — new workﬂow
1 Apply geometry
2 Source signature deconvolution
3 Resample
4 Automute
5 FK ﬁltering of negative dips in shot and receiver domains
6 Spherical divergence
7 Trace balance
8 FK mute
9 Static bulk shift
10 Deconvolution in tau-p domain
11 NMO correction
12 Parabolic radon demultiple
13 Dip move-out (DMO)
14 Trace balance
15 Top mute
16 Bandpass ﬁlter
17 Stack
18 Post stack time migration
19 Post stack deconvolution
20 FXDECON
21 FK dip ﬁlter
22 Bandpass ﬁlter
23 Trace balance
NA80 — new wokﬂow
1 Interpolate traces at far offsets
2 Apply geometry
3 FK ﬁltering of negative dips in shot and receiver domains
4 Spherical divergence
5 Trace balance
6 Static bulk shift
7 Deconvolution in the tau-p domain
8 NMO correction
9 Bandpass ﬁlter
10 Stack
11 Post stack time migration
12 FK dip ﬁlter
13 FXDECON
14 Bandpass ﬁlter
15 Trace balance
NA79 — new workﬂow
1 Apply geometry
2 FK ﬁltering of negative dips in shot and receiver domains
3 Spherical divergence
4 Trace balance
5 Static bulk shift
6 Deconvolution in the tau-p domain
7 NMO correction
8 Bandpass ﬁlter
9 Stack
10 Post stack time migration
11 FK dip ﬁlter
12 FXDECON
13 Bandpass ﬁlter
14 Trace balance
7D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15section from 1984. The original processing ﬂow used for the RW84-16
line in 1984 is shown in Table 2. With the exception of the FK dip
ﬁltering, which is only applied to relatively few of the more recentsurveys, this workﬂow can be considered typical and representative
of the original workﬂows used to process the surveys within the
OPAB dataset.
The stacked section created using the original work ﬂow can be
seen in Fig. 4. Several observations based on the original stacked
section can be made. Firstly, signiﬁcant multiple energy is present in
the stacked section. Many continuous events are present which do
not relate to the anticipated events based on the synthetic seismo-
gram and bear similar geometries to strong events in the shallower
parts of the section. This gives rise to a “ringy” character on the
stacked section which makes it difﬁcult to distinguish real events.
Secondly, steeply dipping linear noise is present in many parts of
the section. It appears to be more severe below regions of prominent
structure on near surface events. Therefore, our re-processing efforts
were focused on attenuating these two forms of noise.
5.2. Revised processing workﬂow
5.2.1. Multiple energy
In the context of exploration seismology a multiple can be deﬁned
as a seismic event which has experienced more than one reﬂection
between source and the receiver (Allaby and Allaby, 1999). Multiple
energy is especially severe for much of the Baltic Sea dataset due to
the relatively shallow water depth (between 80 m and 40 m) and
the sharp increase in velocity due to the shallow seismically fast
Silurian strata. A number of methods were tested to attenuate the
strongmultiple energy. For the discussion below themultiple removal
techniques have been grouped based on the principle by which they
separate multiples from primary events (Hardy and Hobbs, 1991).
The ﬁrst group of methods exploit the different move out between
multiples and primaries in order to remove the multiple events. Of
these methods, the FK demultiple (Wu and Wang, 2011; Yilmaz,
1994) and parabolic radon demultiple (Hampson, 1986) methods
were tested. Both methods were successful in attenuating multiple
events at greater offsets, with the parabolic radon demultiple method
providing the best result overall. As the move out difference between
multiple and primary events decreases with decreasing offset, signif-
icant multiple energy remained after the application of both methods
to the RW84-16 proﬁle due to the short offsets that were used in this
survey (65–659 m). Since the parabolic radon demultiple method
provides a better approximation of the NMO corrected multiple and
reﬂected events, it is more sensitive to small changes in move out
and, hence, it was more effective at removing multiple energy at
smaller offsets (Schmidt and Jokat, 2000). The parabolic radon
demultiple method was therefore applied to the RW84 survey.
Parabolic radon demultiple was not applied to the NA79 and NA80
surveys as the method was tested and there was little difference
between the ﬁnal stacks in which it was applied and those in which
it was not. This is due to the relatively large near offsets in these
surveys. Parabolic radon demultiple also caused some degradation
of the already poor near surface image to the NA79 and NA80 surveys
due to the sparser receiver spacing.
The second group of methods removes multiples based on their
periodic nature in the data, compared to inherently non-periodic
primary events (Gadallah and Fisher, 2005). Of these methods,
deconvolution in time, before and after stack was tested (Yilmaz,
1994), as well as deconvolution applied in the tau-p domain
(Matson et al., 1999). Of these methods, deconvolution in the tau-p
domain gave the best results in effectively attenuating shorter period
multiples associated with the shallow geology and seabed, as well as
deeper longer period multiples associated with the strong event from
the near Top Cambrian. Transformation to the tau-p domain enhances
the periodic nature of the multiples, hence the assumptions in
deconvolution are better satisﬁed (Gadallah and Fisher, 2005).
Post-stack deconvolution in the time domain also produced improved
results in some cases.
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Fig. 4. Final stack of line RW84-16 with original 1984 processing ﬂow (A) and revised processing ﬂow (B). Location of the Yoldia well and the intersection with proﬁle NA79-150 is
shown.
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methods, where the multiple wave ﬁelds is modelled explicitly and
then subtracted from the data using adaptive subtraction. One partic-
ular model based method; surface-related multiple elimination
(SRME) (Dragoset et al., 2010) was tested on the RW84-16 line. For
this proﬁle, the multiples were not successfully attenuated using
SRME, most likely due to the limitations of the 2D application of the
method.
Based on the testing performed, the multiple removal techniques
which proved most effective on these data were; deconvolution
applied in the tau-p domain, parabolic radon demultiple and
post-stack deconvolution. Therefore, some or all of these methods
were applied in the ﬁnal processing ﬂows for the 3 surveys.5.2.2. Steeply dipping noise
The linear steeply dipping noise in the stacked section from the
original processing (Fig. 4) is similar to that identiﬁed by Larner et
al. (1983) and Hargreaves and Wombell (2005) as side scattered
seismic energy. Side scattering can be caused by larger heterogene-
ities on the seabed or within the near-surface, such as boulders,
rugose structures on the seabed, or a near-surface reﬂector. This
scattered energy from multiple and primary rays stacks in at primary
velocities and leads to high angle linear noise in the ﬁnal stack.
Hargreaves and Wombell (2005) show that ﬁltering out negative
dips in both shot and receiver gathers, as well as removing slow
move outs at later times on CMP gathers, is an effective method for
attenuating this type of noise.
9D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15Good results were obtained when applying this dip ﬁltering on the
RW84-16 proﬁle, steeply dipping linear events were removed with-
out any apparent negative effects on the primary events (Fig. 5).
The improvement to the ﬁnal stacked section is clear and this process
was implemented in the ﬁnal processing ﬂow.
5.2.3. Receiver spacing — spatial sampling
Receiver spacing varies signiﬁcantly (6.25 m–50 m) for the 3 sur-
veys, hence the dip at which events are spatially aliased also varies.
Aliasing of high amplitude direct wave and water bottom reﬂected
energy can be a signiﬁcant issue on some shot gathers with larger re-
ceiver spacing. The effectiveness of applying 2D transformations and
associated noise removal techniques is therefore limited on some
surveys.
Testing was performed on the RW84-16 proﬁle with different levels
of decimation in order to assess the effectiveness of different process-
ing steps at different levels of spatial sampling. It was observed that
for greater receiver spacing the work ﬂow had to be modiﬁed to
avoid signiﬁcant degradation in shallow primary events and to main-
tain the effectiveness of the multiple removal techniques. This was
achieved by omitting some steps from the work ﬂow. Although not
used in the processing of these lines, pre-stack deconvolution in the
time domain gave favourable results for some levels of decimation.
For very large levels of decimation, such as 100 m, no signiﬁcant
improvement was achieved compared to the result obtained with
the original work ﬂow.
5.2.4. Final processing workﬂows
The new processing workﬂows for the 3 surveys as well as the
original workﬂow for the RW84 survey can be found in Table 2. Post
stack time migration is applied in all workﬂows, resulting in signiﬁ-
cant improvement of the images on lines containing steeper dips
and faulted structures. The ﬁnal stacked section for the RW84-16
line using the new processing work ﬂow is shown alongside the0.0
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Fig. 5. Comparison of two subsets of the ﬁnal stacked sections for the RW84-16 proﬁle. A) No
receiver and shot domain.ﬁnal stacked section obtained using the original 1984 work ﬂow in
Fig. 4. Signiﬁcant differences in the ﬁnal sections between the original
and revised processing ﬂows exist. In general, the revised work ﬂow
appears less “ringy” in character compared to the original, especially
when focusing on the interval from 500 to 1000 ms. In the original
section it is difﬁcult to distinguish any high amplitude event at this
depth. However, with the new workﬂow a high amplitude event be-
tween 500 and 700 ms can be observed and correlated across the sec-
tion. The reprocessed stack also exhibits improved fault deﬁnition,
allowing structures to be interpreted with greater conﬁdence. This
signiﬁcant improvement in signal to noise ratio is most likely due to
the improved multiple attenuation in the new work ﬂow.
High angle linear noise has also been signiﬁcantly subdued in the
reprocessed section compared to the original section, further improv-
ing the signal to noise ratio. Furthermore, details in the near surface
(0 ms–200 ms) have been enhanced in the revised work ﬂow. The
seabed and near surface events appear to be clearer, with improved
deﬁnition of structural features.6. Seismic interpretation
After applying the new processing workﬂows to the data in the
study area, the stacked sectionswere interpreted. The synthetic seismo-
gram shown in Fig. 2 was used to identify key events on seismic line
NA79-150, which lies closest to the well location. These events were
then interpreted across the dataset. The seabed event which is poorly
imaged on the NA79 and NA80 surveys was calculated and added to
the sections based on Baltic Sea bathymetry data from Seifert et al.
(2001), assuming awater velocity of 1450 m/s. Interpreted seismic sec-
tions for lines NA79-150, RW84-16, NA79-153 and NA80-1735 can be
seen in Figs. 6, 7, 8 and 9 respectively. Maps detailing the travel time
to the Top Cambrian and Top Silurian within the study area are shown
in Figs. 10 and 11, respectively.0.0
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Fig. 6. Interpreted seismic line NA79-150 from the NA79 survey. Intersection with NA80-1735 and RW84-16 lines is shown. Yoldia well and associated formation tops are
annotated.
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and Basement events are generally observed to dip towards the SSE
within the study area, deepening towards the Baltic Syneclise and
Bornholm area. The overall thickness of the Cambrian interval is fairly
constant across the area with the exception of a rapid thinning at its
western edge due to erosion of the upper part of the interval. The
Ordovician interval, although not explicitly interpreted, also appears
to be relatively constant in thickness across the study area, with the
exception of its western erosional limit. Fig. 9 shows clearly how
the Cambrian and Basement events become shallower to the NW0.0
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Fig. 7. Interpreted seismic line RW84-16 from the RW84where they are eventually truncated by the erosional unconformity
at the top of the Silurian section. A mid-Silurian limestone interval
which gives a strong seismic response, the “mid-Silurian Marker”
can also be observed to become shallower to the NW until it is trun-
cated. The gradual thickening of the Silurian section to the SE can also
be seen on this section. The Top Silurian horizon which marks the
upper erosional limit of the interval, mapped in Fig. 11, exhibits a
very gradual overall dip to the SW, notably more horizontal than
the deeper Cambrian and basement horizons. The overall thickness
of the Mesozoic strata overlying the Silurian, although poorly imaged,5000 6000 7000 8000 9000
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Fig. 8. Interpreted seismic line NA79-153 from the NA79 survey. Intersection with NA80-1735 line is shown. This line exhibits the largest observed reverse throw at the top Silurian
within the study area, highlighted with an arrow.
11D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15is inferred to thicken gradually to the SW. The Mesozoic is thought to
attain greater thicknesses within the central fault bounded low lying
area on the Top Silurian map (Fig. 11).
A number of faults of varying magnitude can be interpreted at the
Cambrian and basement levels. Of these only those occurring on more
than one section were mapped. By far the largest fault lies in the SW
of the newly interpreted area, striking approximately NE–SW. This
fault exhibits normal offsets downthrown to the south, at the Top
Cambrian and Basement levels of up to approximately 550 m in the0.0
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Fig. 9. Interpreted seismic line NA80-1735 from the NA80 surveyfar SW of the study area. Moving towards the NE the displacement
on this fault decreases and is transferred to an array of smaller faults
forming a faulted terrace (South of A in Fig. 10). The faulting in the
eastern part of the study area is characterised by NW–SE and E–W
trending smaller faults with normal displacements which reach a
maximum of approximately 150 m. These faults are predominantly
downthrown to the north. Lines NA79-150 and RW84-16 provide
approximate dip and strike lines respectively through this part of
the study area (Figs. 6 and 7). A number the faults present at the3000 3500 4000 4500 5000 5500
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. Intersection with NA79-150 and NA79-153 lines is shown.
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Fig. 10.Map of the seismic travel time to the Top Cambrian. Locations of proﬁles discussed in the paper are shown as red dashed lines. Contour interval is 50 ms. The tick marks on
the faults highlight the down-dip direction of the fault plane. The faulted terrace lies to the south of A. The largest reverse throw observed at the top Silurian lies to the WSW of A,
along line NA79-153.
12 D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15Cambrian and Basement appear to extend to the top of the Silurian
where reverse offsets are commonly observed. The largest reverse
offset at the Top Silurian are associated with the large NE–SW striking
fault and can be observed in Fig. 8, where the reverse offset is approx-
imately 180 m. The reactivated reverse throw of these faults can be
inferred from the Top Silurian map (Fig. 11), assuming that this hori-
zon was peneplained after the end of the ﬁrst phase of transtensional
faulting, prior to subsequent inversion (Kumpas, 1980). It is likely
that the majority of the faults interpreted at the Basement and Cam-
brian level extend to the top of the Silurian. However due to the poor
seismic image in the shallow section only faults with a noticeable off-
set across several seismic lines were mapped.
A map showing the Top Basement within the study area is shown
in Fig. 12. This map has been merged with the interpretation of the
near top Basement performed by Vejbaek et al. (1994) for the
adjacent Bornholm area to the SW. This was done by digitising the
published map and gridding it together with the new basement inter-
pretation. Some uncertainty exists along the merge zone between
these maps in terms of faults which exist on the very edge of both in-
terpretations. It is also possible that the basement event which hasbeen interpreted as part of this study does not correspond to the
exact same “Near Top Basement” event interpreted in the Bornholm
area study. However despite this, the merged map provides a useful
insight into the link between the present study area and the struc-
tures of the Tornquist Zone and Bornholm area. It can be observed
from this map that the large fault to the SW of the new interpretation
extends further to the SW along the same strike until it reaches the
large fault which bounds the Christiansø High. Additional faults
with a similar NW–SE trend to those observed in the east of the
study area can also be seen to the south in the area interpreted by
Vejbaek et al. (1994).
The presence and location of the large fault which links the study
area to the fault which bounds the Christiansø High was to a large ex-
tent mapped by Wannäs and Flodèn (1994), and termed the
Christiansø Fault in their Report. However the geometry of the
other faults in the study area varies signiﬁcantly. There is also no in-
dication in the newly processed data, nor in the interpretation by
Vejbaek et al. (1994), of a large sinistral strike slip fault zone
extending from the Yoldia well to the SW, termed the Yoldia Fault
zone by Wannäs and Flodèn (1994). Based on this new interpretation
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13D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–15the Yoldia structural element identiﬁed by Wannäs and Flodèn
(1994) is taken to be the downthrown and partially inverted fault
zone to the SW of the study area.
7. Geological history
It is clear from the interpretation of the data that the study area has
undergone various stages of deposition and phases of tectonic activity.
To a large extent a similar geological history to the adjacent Tornquist
Zone can be inferred from the seismic interpretation of the study area.
Within the study area the basement event is typically smooth and par-
allels the Top Cambrian/Ordovician and När events. This indicates that
widespread deposition of Cambrian and Ordovician strata most likely
occurred over a gradually subsiding peneplained basement (Cocks
and Torsvik, 2005). A thick Silurian sequence is observed above the
Ordovician which is consistent with rapid deposition associated with
the formation of the Baltic Syneclise towards the end of the Silurian
(Šliaupa and Hoth, 2011). Deposition of Devonian strata may have
occurred over the study area, but were subsequently removed by
erosion. The ﬁrst major tectonic phase to affect the study area
occurred in the Late Carboniferous–Early Permian and gave rise to
dextral transtensional faulting (Vejbaek et al., 1994). The majority offaults within the study area were formed during this tectonic phase,
including the large fault to the SW of the study area. Based on the
interpretation by Vejbaek et al. (1994), after taking into account the
effects of inversion, it appears that the largest normal throw on this
fault occurred within the newly interpreted area. This indicates that
the fault could potentially have nucleated in the SW of the study
area and then propagated back to join with the fault bounding the
Christiansø High. The orientation of this large fault differs from other
faults in the area and has a strike consistent with pre-Cambrian faults
mapped on Bornholm by Graversen (2009). This suggests that this
fault could potentially have formed along a pre-existing deeper fault
or zone of weakness. Signiﬁcant erosion then occurred at the end of
the Permian, leading to the generation of a smooth peneplained sur-
face (Kumpas, 1980). This resulted in the removal of Ordovician and
Silurian strata from the far NW part of the study area (Fig. 9). The
study area appears not to have been a signiﬁcant depocenter during
Triassic and Jurassic times. Deposition occurring elsewhere during
this time inside expanding pull apart basins and rotating blockswithin
the Tornquist Zone potentially indicates that the faults in the study
area were not active during these periods. Sedimentation occurred
across the study area during the Cretaceous. Towards the end of the
Cretaceous the study area was affected by transpression (Ziegler,
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Fig. 12.Map of the seismic travel time to the top basement. Locations of proﬁles discussed in the paper are shown as red dashed lines. Contour interval is 100 ms. The tick marks on the
faults highlight the down-dip direction of the fault plane.
The area of new interpretation is highlighted with the black dashed line, the area outside this has been digitised from the maps produced by Vejbaek et al. (1994).
14 D. Sopher, C. Juhlin / Journal of Applied Geophysics 95 (2013) 1–151990), which led to inversion of pre-existing faults. It appears that
faults striking approximately E–W within the study area have been
affected by inversion to the greatest extent (Fig. 11). The most signif-
icant inversion occurred to the WSW of the faulted terrace (A in
Fig. 10), where approximately 180 m of inversion has occurred within
a localised uplifted structure. Cretaceous sediments were then eroded
during Neogene uplift which resulted in a relatively thin layer of
Cretaceous being preserved across the study area, with the thickest
Cretaceous sediments most likely preserved north of the signiﬁcantly
inverted uplifted structure (Fig. 8).
8. Conclusions
This paper presents the results of an investigation into the geology
at the transition between the Hanö Bay Basin and Baltic Synelcise
using a grid of unpublished vintage 2D marine seismic lines, re-
processed using an improved workﬂow.
Several new processing sequences have been developed and ap-
plied which have resulted in improved ﬁnal stacked images for sever-
al different 2D seismic surveys, compared to the results obtained with
the original processing. Based on observations on the seismic lines in
this study, multiple energy and diffracted multiple noise form two
key issues for the Baltic Sea dataset. After testing a range of different
seismic processes, it was determined that deconvolution in the tau-p
domain, parabolic demultiple and post stack deconvolution were the
most effective at removing multiple noise. Dip ﬁltering in the shot
and receiver domain proved effective in removing diffracted multiple
noise.These new processing workﬂows have been successfully applied
to a grid of lines within the study area which have subsequently
been interpreted in 3D. This has led to an updated andmore conﬁdent
geological interpretation of the study area, which differs signiﬁcantly
from previous interpretations. New maps detailing the structure and
faulting at the Top Cambrian, Top Basement and Top Silurian horizons
have been constructed and presented for the study area. Within the
study area a region of signiﬁcant faulting and uplift, ﬁrst identiﬁed
by Wannäs and Flodèn (1994), has been characterised in detail. This
signiﬁcant zone of faulting, which extends into the typically more
stable Baltic Syneclise, would have exhibited normal displacements
of up to approximately 600 m in some places before subsequent
inversion. It is also observed to be linked to the major fault which
bounds the Christiansø High to the SW. It is likely that this structure
originally formed during the Carboniferous–Early Permian due to
right lateral transtensional faulting in the Tornquist Zone (Vejbaek
et al., 1994). Some parts of the structure were then subjected to
signiﬁcant uplift during Late Cretaceous inversion (Erlström et al.,
1997).
This study highlights how data from this extensive OPAB dataset
can be utilised to produce more accurate seismic interpretations
and improved maps of the deeper basin structure. More extensive
processing and interpretation using this dataset could therefore result
in further constraints on published formation structure and thickness
maps across the Baltic Sea, which could lead to improved evaluation
of the offshore CO2 storage potential in Scandinavia and the Baltic
states as well as a better understanding of the Baltic Sea geology
and evolution.
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